The purpose of the current study was to evaluate the transferability of 2 different resistance training protocols on service velocity and its precision consistency in junior tennis players. Thirty-six male athletes (15.03 ± 1.64 years) were randomly assigned to a machine-based resistance-training group (RG, n = 12), a plyometric training group (PG, n = 12), and a control group (CG, n = 12). For a period of 8 weeks, both intervention groups resistance trained 2 days per week in addition to their regular tennis training, whereas the CG had no extra training. Mean service velocity over 20 maximum-velocity serves increased significantly more in PG (3.78%; p < .05) when compared with CG, whereas no such changes could be found in the RG (1.18%; p > .05). Service precision did not change from pre-to posttest in all three groups (p > .05). Only the plyometric training program tested, improved mean service velocity over 20 maximum-velocity serves in junior tennis players but did not affect service precision.
As a consequence of increasing popularity of tennis, the sport is getting more competitive at all age groups. Since technique, tactical skills, and physical abilities are important predictors of success in competition, it seems reasonable to improve those core capabilities early in training. Therefore, finding effective training modalities for youth tennis athletes is of particular importance.
The serve is often considered to be the most important shot in tennis and increasing its velocity and precision is an ongoing target of training programs in tennis practice. In a recently published meta-analysis, it could be shown that resistance training is effective to enhance selected motor performance skills (i.e., jumping, running, and throwing) in children and adolescents (5) . Due to the fact that upper-body kinematics of throwing are similar to the movement of the tennis serve, it seems reasonable that resistance training is also capable of positively affecting this important tennis shot in children and adolescents. While several methods of throwing velocity enhancement have been investigated by previously published studies (8, 10, 23, 28) , data on effects of resistance training on tennis serve in this age group are sparse. Therefore, it remains to be determined if effects gained from resistance training programs are transferable to the tennis serve in pubertal tennis players and if precision of service is affected by such interventions. Particularly, it remains unclear to what extend training needs to mimic the movement that is aimed to be improved (e.g., in terms of contraction velocity).
Commonly, maximal service velocity (V max ), defined as the mean speed of only a few consecutive serves, is used to measure training effects on service velocity (12, 16) . However, during long-lasting tennis matches, muscle fatigue will compromise mean ball velocity and precision of tennis strokes (13) of which the serve seems to be the most affected stroke of all (7) . From this perspective, practical relevance might be increased, if the number of serves on which the service velocity rating is based on is increased. That is, it might be more valuable to know whether an applied training program enables participants to perform numerous serves at a higher velocity (V sub ), rather than whether the V max of a few serves is improved.
Therefore, the primary aim of the current study was to investigate the transferability of effects of two different types of resistance training on the average V sub and precision of 20 consecutively performed maximum-velocity serves in youth tennis players. The applied training programs comprised a tennis-specific plyometric training program and a less specific machine based workout that was in line with current guidelines for progression during resistance training for strength (not power). Plyometric exercises by definition are performed fast and explosively and are therefore closer to the contraction velocity of a tennis serve when compared with those of a traditional resistance-training program that is designed to increase strength. The latter exercises are usually conducted at moderate velocities. Further, plyometric exercises can be more specific for tennis in terms of movement similarity. Therefore, we hypothesize that plyometric training will improve service velocity more than traditional resistance training. Although changes in service precision were not expected, this parameter of service performance was assessed due to the fact that benefits of improved service velocity would be diminished if precision is negatively affected by the applied interventions.
Methods

Definitions
The term resistance training refers to a method of physical conditioning that consists of repetitive contractions against external loads. It includes different training modalities (e.g., free weights, resistance training machines, and elastic bands), different loads, and different movement velocities. Resistance training in this text is distinguished from plyometric training, which consists of a direct succession of eccentric contractions just before the concentric phase to take advantage of the elastic rebound tendency of muscle tissue, usually known as stretch shortening cycle. For simplicity, the resistance-training modalities that lack a stretch shortening cycle are called traditional resistance training throughout this text.
Participants
Thirty-six male adolescent tennis players (15.03 ± 1.64 years) were selected as a sample of convenience from three different local tennis clubs in Erkrath, Germany. Participants were excluded from the study if they had any cardiovascular diseases, metabolic disorders (e.g., diabetes mellitus), or recently experienced musculoskeletal injuries. After institutional review board (German Sport University Cologne) approval, parental permission and child assent was obtained, before participation in the study. All participants of the experimentation provided informed consent before participating in the study. A self-rated pubertal stage, using secondary sexual characteristics (genital and pubic-hair development) was used to assess maturity level, which was previously proven to be a reliable and valid method to assess sexual maturity in adolescent athletes (14) . Pubertal stage and physical characteristics of participants can be found in Table 1 .
Stratified block randomization was used to allocate participants to two interventions groups (resistance-training group = RG; plyometric training group = PG) and one control group (CG). For this purpose, pre values of service velocity were used to generate a ranking list, in which the top three players (with highest service velocity) formed the first group, rank 4-6 the second group, etc. Within those groups, allocation to aforementioned intervention groups or control group was random. Due to the fact that two athletes entered the subject pool at a time when pretesting had been completed in CG and PG, and training had already begun in the latter group, both participants were assigned to RG. A drop-out of one subject per group (one subject reported an injury that was not related to the intervention and one subject dropped out because of a viral infection), resulted in group sizes of n = 13 for the RG and n = 10 for the PG and the CG, respectively. No training-related injuries were recorded throughout the intervention.
At baseline, no statistically significant differences were found in height, weight, body mass index (BMI) or pubertal stage between the two intervention groups and the control group. Further, no pretraining differences in strength (10RM) and tennis performance (mean service velocity and precision consistency) measures were present. Follow-up assessment revealed no significant change of aforementioned physical subject characteristics after eight weeks of intervention, except a slight increase in body weight of the control group (p < .05). Time of experience in the sport of tennis averaged 6.15 years over all included participants and did not differ significantly between groups.
Training
Training was completed 2 days per week on Tuesdays or Wednesdays (between 3 and 5 p.m.) and on Saturdays or Sundays (between 1 and 3 p.m.) for both groups. Participants were allowed to choose between the two weekdays and between Saturday and Sunday to avoid any conflicts with individual time schedules. All training sessions were completed in the same commercial fitness center in Erkrath, Germany. Before the intervention period, all participants were familiarized with the equipment at the fitness center and with resistance-training techniques. Anatomical definitions in terms of movement velocity (movement control) and joint positions were provided for all of the included exercises (X13, Table 2 ). Even though intensity of training interventions for RG and PG was increased after two weeks of training, this time period was not counted to the familiarization phase, as already considerable training stimuli were applied. Both intervention groups and the control group underwent the normal tennis program of two training sessions per week (1.5h each). All training sessions were supervised and all tests were conducted by an accredited sports scientist with specialization in tennis and long standing experience in youth tennis training. The participants-to-coach ratio was held below 5:1.
Resistance Training Group (RG).
According to a needs analysis by Reid et al. (21) , who identified service relevant muscle groups in tennis service, eight different resistance-training exercises were selected for the RG. These included: low pulley dead lifts (in contrast to regular dead lifts, a handle that was attached to a low pulley had to be lifted from the ground), flexion abdominal machine, seated back-extension machine, lateral flexion machine, leg-press, chest-press, lat. pull-down machine. All machines could appropriately be adjusted for height of participating adolescents. Due to the considerable amount of time that is needed to teach proper technique for free weight exercises and the associated potential for injury during performance, we decided to choose weight-training machines over free weight exercises.
The resistance-training program applied in this study was based on the actual guidelines for resistance training with children and adolescents that was published recently by the NSCA (11) . Due to the fact that none of the participants had previous resistance-training experience, guidelines for novices were chosen. That is, single and multijoint movements with eccentric and concentric muscle actions were performed with two sets of 15 repetitions each. Rest intervals between sets lasted one minute, and two training sessions were performed per week. After a period of two weeks, intensity was increased from 65% of 1RM to 85% (referring to the estimated 1RM as described below) and number of repetitions was decreased to 10. Therefore, time under tension decreased from 60sec + 10sec to 40sec + 5sec. The reason for this departure from aforementioned guidelines was the observation that none of the participants experienced volitional muscle fatigue at 70% of the determined 1RM after 10 repetitions. If participants were able to perform more than the predetermined number of repetitions (see Table 2 ) the weight was increased by 5-10% and if muscle fatigue set in before the given number of repetitions, weight was decreased by 5-10% for the next training session. Detailed information about the mechanobiological descriptors, according to Toigo and Boutellier (26) , of the applied resistance-training stimulus can be found in Table 2 .
Plyometric Resistance Training Group (PG). Except for number of sets and repetitions, the plyometric training program was designed in consideration of aforementioned resistance-training guidelines for novices, published by the NSCA (11) . Number of sets, repetitions, and exercises were chosen according to the current guidelines for designing tennis-specific plyometric training programs, presented by Chu (6) . That is, a program of 4-8 exercises with 3-4sets and 10-15reps each (except from the initial training period with 2-3sets and 20reps per exercise), was applied. Three to five different exercises were taken together to form a "microcircle"-of which two circles targeted on the lower-body and one circle on the upper-body musculature. Each set within the circle lasted about 10-15 sec with a rest period of 20 sec in between, which matches the duration of the average point in tennis (22) . Rest periods after each circle lasted one minute.
During the first two weeks of the intervention, participants of the PG were instructed to perform 20 repetitions with submaximal effort. Progressively, number of sets, movement velocity, medicine ball weight, and difficulty of exercises were increased throughout the intervention period. Detailed information about the mechanobiological descriptors, according to Toigo and Boutellier (26) , of the applied plyometric training stimulus can be found in Table 2 .
Before all training sessions, a 10min warm up protocol was performed by all participants. This protocol was subdivided in a nonspecific (e.g., shuttle-run variations, sidesteps or running backward) and a sport specific part. The latter consisted of movements that were actually part of the particular training session. The plyometric training-session itself (main part) lasted about 45min and was followed by a five minute cool-down protocol (jogging and static stretching).
Exercises for the plyometric training program were selected according to the needs analysis of Reid et al. (21) . The selected exercises were: rope skipping (single-and double-leg), lateral barrier hop (single-and double-leg), box hopping (clock-and counter-clockwise; single-and double-leg), counter movement jump, counter movement jump to box, cycled split squat jump, push-ups with and without clapping hands (on knees, with hands on a box, with hands and feet on the ground), medicine ball chest pass (against a wall, distance pass, or with partner), lateral medicine ball chest pass (against a wall, distance pass, or with partner), two-hand overhead throw (against a wall, distance pass, or with partner), two-hand overhead throw with upper body rotation.
Therefore, both of the applied programs aimed on musculature that is involved in the tennis serve movement but one training program was conducted at resistance machines with slower velocity movements, while the second training program consisted of fast plyometric movements.
Physical Performance Testing
Participants were tested before an 8-week resistance-training program and again at the end of the intervention. The tests were comprised of two service tests, testing mean velocity (V sub ) and service precision, respectively, over a series of 20 maximum-velocity serves and a 10RM test.
10 Repetition Maximum (10RM) Testing. The 10RM was recorded as a weight that could be lifted 10 times but not 11 with a proper technique throughout the full range of motion (ROM). According to the position stand of the Australian Strength and Conditioning Association (ACSA), the multiple RM test was precautionally chosen over a 1RM test (2) . The underlying rational was the assumption that the risk of injuries of the musculoskeletal system might be reduced if peak loads are avoided. The 10RM testing procedure has been applied by other authors both on children (17, 27 ) and adolescents (24, 25) . However, it should be noted in this context that position statements on youth resistance training from the NSCA (11) and Canadian Society of Exercise Physiology (4) as well as a recent position statement on youth resistance training from the UKSCA (15) support 1 RM testing provided age-appropriate guidelines are followed.
To assess strength changes of the major muscle groups involved in the movement of tennis serve, the following exercises were selected for 10RM testing: leg press, chest press, pull-down machine, and abdominal press (ErgoFit Pirmasens, Germany). The latter machine was a seated abdominal press with chest pad. Participants were instructed to push this pad from an upright position (hip angle of about 90°) all the way down to the thighs by flexing the waist. This was defined as the full ROM for this machine. During a familiarization period, all participants were instructed to a proper technique for aforementioned exercises. Before maximal dynamic strength testing, participants performed several sets with light load. Following a submaximal 10-repetition warm-up set with 50% of the estimated 10RM-load, resistance was doubled and participants performed 10RM-trials with increasing loads. The temporal distribution of contraction modes during one repetition was two seconds for the concentric and eccentric phase of the movement, respectively, with no rest between both phases (i.e., 2-0-2). If weights were lifted with proper form, weight was increased by 8-40% depending on the perceived exertion, reported by the participants. The last set of the 10RM was performed to volitional fatigue. Rest period between warm up sets and first trial was set to one minute. Between trials, rest periods of 4 min were provided. On average, three to five trials were needed to determine the individual 10RM for each exercise. Achieved 10RM values were then used to estimate the 1RM by using the table "Estimating 1RM and Training Loads" provided by Baechle and Earle (1). Basing on this estimation, the athlete's training loads where calculated as a percentage of the 1RM.
Service Tests
Service Velocity Testing. Participants were instructed to perform 20 maximumvelocity serves from the baseline into the service court, following a 5-min warm-up protocol. An audio signal was used to help participants keeping the service frequency constant at 10 serves per minute. Peak service velocity of each service was measured by radar (Speed Trac X, EMG Companies, Inc. Outer Limits Sports, Prescott WI, USA) that was positioned 20 cm behind the net right beside the center line, according to the owner's manual. The speed of the ball is displayed by the device as the ball approaches the net. Therefore, the velocity of the tennis service was not necessarily maximal at the point where the tennis ball was captured by the radar but was continuously measured at the same distance.
Service Precision Testing. Service precision (SP) was tested by a similar experimental setup. Participants were again instructed to serve 20 maximumvelocity serves from the baseline, but this time they were asked to target on the intercept point of the service line and the center service line. Bouncing locations were marked after each serve and corresponding coordinates were recorded subsequent to the trial of 20 serves. For this purpose, the longitudinal and lateral distance to the target point was measured.
To achieve a comparable test situation for pre-and posttests, material, experimental setup, testing time and testing order of participants were held constant for each test day. That is, all tests were performed at the same indoor tennis court (Tennispark, Erkrath, Germany) and all participants used the same test-rig (Wilson K-Blade 98) with new tennis balls (HEAD ATP).
Statistical Analyses
A two-way ANOVA (3 × 2) with groups and testing times as factors was used to compare the effects of the applied training regimen on the tested items. When significant main effects and interactions were observed, a series of post hoc comparisons corrected for alpha inflation (Bonferroni correction) were performed to identify in which groups and at what testing occasions the differences occurred. One way ANOVA for calculated deltas was used to identify more details about significant group by time interactions. Significance level was set to £0.05. ANOVA was conducted in Statistica 7.1 (StatSoft, Inc., Tulsa, USA). Power analyses and reliability data (Cronbach's alpha) were calculated in IBM SPSS Statistics version 21 (IBM Corporation, Somers, NY).
Results
The effects of the 8-week training intervention on measures of service performance are presented in Table 3 . While the less specific training program of RG induced only a slight insignificant increase in mean service velocity (V sub ) of 1.18%, improvements of V sub were significantly greater in PG when compared with CG values (group by time interaction). That is, only participants who trained with plyometric exercises made significantly greater gains in V sub as compared with the control group. No significant changes could be found for the values of the conducted service precision tests. Note. There were no pretraining differences between groups. a ANOVA-results: significant group effect, significant time effect, significant Group × Time interaction, respectively † Significantly different from CG (p < .05) Table 4 shows the observed 10RM changes in all groups before and at the end of the 8-week intervention. Bonferoni's post hoc test (least significant difference) revealed that all 10RM-values were significantly greater than pretest values in RG and PG. No such changes could be found in CG. Furthermore, ANOVA indicated significant group by time interaction for 10RM leg press, abdominal press, pull down machine, and chest press values.
To find out if changes in 10RM correlates with changes in service velocity, 10RM values were added to a compound strength value for all participants (Fcomp = 10RM leg press + 10RM chest press + 10RM pull down machine + 10RM abdominal press). It can be shown that V sub was significantly correlated with Fcomp (Figure 1) . That is, participants with greater increases of 10RM values following the 8-week intervention phase also demonstrated greater increases in service velocity. Note. There were no pretraining differences between groups. a ANOVA results: significant group effect, significant time effect, significant Group x Time interaction, respectively * Significantly different from pretest value (p < 0.05)
Discussion
To our knowledge, the current study was the first to investigate the transferability of two different training regimens on measures of tennis service velocity and precision consistency in youth tennis players. The main finding of the present investigation was that an 8-week plyometric resistance training significantly increased mean service velocity of 20 maximum-velocity serves when compared with control group. That is, effects from the applied plyometric training program could be transferred to the velocity of tennis service. No such change could be found for the less specific machine based resistance training. This potential benefit of plyometric resistance training on service velocity should be taken into account by tennis coaches when planning resistance-training programs for youth tennis athletes. It could be argued that the observed group by time interaction was based solely on the fact that V sub of CG decreased (-6.2 ± 11.1 kph) simultaneously to the improvements of PG (3.8 ± 4.5 kph). However, as mentioned earlier, sport activities (i.e., tennis training) other than the applied training programs were the same for all groups throughout the intervention. Therefore, it is more likely that tennis performance at posttest was affected by some external influences in all groups than an exclusive decrement in CG performance. In other words, we hypothesize that PG and RG would have presented a comparable decrease in V sub at posttest without the applied intervention. Even though the tennis training was not recorded in detail, our data reveal a shorter rest period (~48h) before the posttest when compared with the pretest situation (~72h)-possibly impacting the fatigue resistance in all three groups. However, since lifestyle factors such as sleep, hydration, nutrition, etc. had not been recorded, it remains unclear if one or a combination of those factors affected the outcome. Therefore, further studies with longer intervention periods, a larger sample size and a control for aforementioned lifestyle factors are needed to confirm the present finding.
Interestingly, other studies targeting on the maximal instead of mean service velocity found comparable increments in velocity. One example is the study of Bastiaens et al. (3), which investigated the effects of a throwing intervention with light or heavy loads on service quality of young tennis players. Maximal service velocity in that study was increased in both intervention groups by approximately 5km/h (from 130km/h to 135km/h) after the intervention phase of 6 weeks.
The fact that resistance training failed to increase mean service velocity in the current study might be due to a lack of movement specificity and velocity differences of that training modality in regard to the tested movement of tennis service. That is, the achieved strength gains from that less specific resistance-training program could not be transferred to the tennis service performance. This would be in concordance with the current position statement of the NSCA (11), indicating the need for specificity of training. That is, the closer training movements mimic the sport specific performance tested, the greater the expected improvements. However, it should be noted that other studies succeeded in increasing the throwing velocity, by applying comparable resistance-training programs, in high school and elite collegiate baseball players (19, 20) . Others even found conventional resistance training to be superior to a plyometric program (18) . DeRenne et al. (9) who reviewed the effects of general, special (consisting of more rapidly performed power exercises), and specific (consisting of exercises that actually attempt to mimic the high-velocity throwing motion) resistance-training types on throwing velocity concluded that throwing velocity for high school and college players can be increased even with general resistance training. The reason for the observation that traditional resistance-training programs positively affect service velocity in adults (previous literature) but not in children (present study) remains unclear. However, it could be speculated that technical maturity is needed to effectively transfer strength gains from an unspecific resistance-training program to a sport specific movement. That is, immaturity of studied participants possibly provided an effective strength transfer from the applied unspecific resistance training protocol to service velocity in the current study.
These data are in line with a recently published meta-analysis on the effects of resistance training on motor performance in children and adolescents that did not find a significant predominance of plyometric training over training regimens that lack stretch shortening cycle elements (5). The mean effect size for the plyometric training interventions (n = 15) was 0.51, whereas that of traditional training interventions (n = 29) was 0.54. That is, strength gains from traditional resistance training and plyometric training seem to be equally transferable to commonly tested motor skills (e.g., jumping, throwing, and sprinting). In summary, it can be stated that to date there is little evidence to assume qualitative differences between both training modalities, and that further investigations are needed to understand the role of training specificity. Nevertheless, it should not be overlooked that due to the synergistic effects of resistance training and plyometric training, there might be potential benefits of combining both types of training in a pediatric conditioning program.
The significant positive correlation between changes in Fcomp and changes in mean service velocity further demonstrates that muscle strength alone is a relevant moderator of service performance. However, the coefficient of determination r 2 = .15 shows that only a small part of the interindividual variance of increases in service velocity can be explained by differences in achieved strength gains. That is, increments in service velocity are largely affected by training associated effects other than strength gains. This might be the result of the neuromuscular complexity of sport specific movements. As pointed out by Ferrauti et al., service velocity "is the result of an effective force transfer throughout a complex kinetic chain that depends on intermuscular coordination and muscle strength" (12) . As strength gains did not differ between PG and RG, the training program of the former possibly enhanced intermuscular coordination better than the RG training program, resulting in an improved force transfer. From that point of view, gains on service performance in RG would have been greater, if the applied training program included tennis technique training. However, testing this hypothesis was beyond the scope of the current investigation.
While increments in mean ball speed of tennis serve were significantly higher in PG than CG, none of the conducted interventions positively or negatively affected the precision consistency. However, it should be noted that the statistical power of ANOVA for service precision was low. That is, the chance that the received result was false negative (Type II error) and that we missed an actual effect of training interventions on service precision was high. Therefore, further investigations are needed to clarify the association between training induced improvements of service velocity and its precision.
In conclusion, the findings of the current study demonstrate that tennis specific plyometric and not necessarily less specific machine based resistance training programs are effective in enhancing service velocity in junior tennis players. Since the tennis serve is considered to be the most important shot in tennis and increasing its mean velocity seems to be a favorable training goal, plyometric training should be taken into account when planning resistance-training and conditioning programs of youth tennis players.
